Early developmental emergence of human amygdalaprefrontal connectivity after maternal deprivation Under typical conditions, medial prefrontal cortex (mPFC) connections with the amygdala are immature during childhood and become adult-like during adolescence. Rodent models show that maternal deprivation accelerates this development, prompting examination of human amygdala-mPFC phenotypes following maternal deprivation. Previously institutionalized youths, who experienced early maternal deprivation, exhibited atypical amygdalamPFC connectivity. Specifically, unlike the immature connectivity (positive amygdala-mPFC coupling) of comparison children, children with a history of early adversity evidenced mature connectivity (negative amygdala-mPFC coupling) and thus, resembled the adolescent phenotype. This connectivity pattern was mediated by the hormone cortisol, suggesting that stress-induced modifications of the hypothalamic-pituitary-adrenal axis shape amygdala-mPFC circuitry. Despite being age-atypical, negative amygdala-mPFC coupling conferred some degree of reduced anxiety, although anxiety was still significantly higher in the previously institutionalized group. These findings suggest that accelerated amygdala-mPFC development is an ontogenetic adaptation in response to early adversity.
fMRI | emotion regulation | stress | neurodevelopment E ven brief exposure to stressful experiences early in life can have life-long impact on brain development and socioemotional functioning. Adverse or deprived caregiving is an example of a highly potent early life stressor in altricial species. Animal studies of maternal deprivation have demonstrated long-term effects on socioemotional and brain development (1) (2) (3) (4) (5) , with particular influences on frontoamygdala circuitry. The timing of stress exposure and cellular properties of this circuitry may render it particularly vulnerable to early adversity (6) . Consistently, rodent and nonhuman primate models show that the amygdala is highly susceptible to early environmental adversity due to its early structural development and readiness to respond to stressors (7) (8) (9) . Human studies of early adverse caregiving have demonstrated structural volume abnormalities in the amygdala that were associated with increased trait anxiety and emotion dysregulation (10, 11) and increased amygdala reactivity to emotional stimuli (12) .
Abnormally rapid brain development following early adversity may be a response that reprioritizes developmental goals to match the demands of an adverse early environment. Early life caregiving adversity in rodents alters amygdala-medial prefrontal cortex (mPFC) circuits that in adulthood serve to regulate the activity of the amygdala (13, 14) , perhaps through accelerating development of the circuitry. For example, maternal deprivation results in the early emergence of adult-like fear learning based in frontoamygdala circuitry (5) and earlier emergence of amygdala function (8, 15) and structural maturation (16) . Maternal separation has also been associated with increased development of neurons in mPFC (17) . Such changes can lead to adult-like fear extinction learning and mPFC-mediated down-regulation of the amygdala, even though as a group, these stressed animals can be more fearful and anxious (18) . Maternal absence acts to accelerate amygdala-prefrontal functional development via premature elevations of glucocorticoids (8, 19) , suggesting that maternal absence acts on amygdalarelated circuitry through alterations of the hypothalamicpituitary-adrenal (HPA) axis, consistent with the established close relationship between the amygdala and HPA axis (20) . Whether a similar neurohormonal process explains affective development in humans following early maternal absence is currently unknown.
Whereas the hypothesis of accelerated development has not been tested in humans, the conservation of frontoamygdala phenotypes across species would predict a common mechanism through which early life stress influences neuroaffective development. Such changes are important to understand given affective behaviors, including emotion regulation and fear learning, that rely on the amygdala and its connections with mPFC (21) (22) (23) (24) (25) (26) (27) . In typical human development, childhood and adolescence is a period of large change in frontoamygdala phenotypes (28, 29) , with amygdala-mPFC connectivity being markedly immature during childhood (28) . The transition from childhood into adolescence has been characterized by a developmental shift in amygdala-mPFC functional connectivity. Specifically, adolescents and adults exhibit inverse (negative) correlations between amygdala and mPFC in response to emotional stimuli, a pattern of connectivity that has been characterized as indexing top-down inhibitory connections (24, 27, 28) . Children exhibit a positive amygdala-mPFC coupling phenotype (28) that is associated with greater emotional reactivity, which is typically characteristic of young children. This shift from an immature (positive) amygdalamPFC coupling phenotype to a mature (negative) coupling
Significance
Early adversity has profound and lasting effects on neurodevelopment and emotional behavior. Under typical environmental conditions, prefrontal cortex connections with the amygdala are immature during childhood and become adultlike during adolescence. Rodent models show that maternal deprivation accelerates this development as an ontogenetic adaptation to adversity. Here, we demonstrate that, as in the rodent, children who experienced early maternal deprivation exhibit early emergence of mature amygdala-prefrontal connectivity. Evidence suggests that the adult-like neural phenotype, which is mediated by cortisol levels, confers some degree of enhanced emotion regulation, as maternally deprived youths with adult-like phenotypes are less anxious than their counterparts with immature phenotypes. Accelerated amygdala-prefrontal development may serve as an ontogenetic adaptation in the human in response to early adversity.
phenotype parallels age-related attenuation of amygdala signal and mediates maturation of emotional behavior (28) . The goal of the current study was to examine childhood amygdala-mPFC phenotypes following early life adversity with the hypothesis that early life adversity would accelerate development of amygdalamPFC circuitry. We examined the effects of early adversity among previously institutionalized (PI) children who have a history of early life maternal deprivation.
Results
In a sample of 41 PI youth and 48 comparison (never-institutionalized) youth, we used functional MRI (fMRI) to examine functional coupling between the amygdala and mPFC while participants viewed emotional faces. Participants completed two runs of the fMRI task. During the fear run, participants viewed singly presented fear faces (50% of the trials) interspersed with neutral faces (50% of the trials); during the happy run, they viewed happy faces (50% of the trials) interspersed with neutral faces (50% of the trials). The mean age was 10.8 (SD = 2.7) for the comparison group and 12.1 (SD = 3.3) for the PI group, and analyses treated age as a continuous variable. For purposes of visualization only, we grouped children (6.5-10.4 y) and adolescents (10.5-17.6 y). Youth who experience institutional care as a result of maternal deprivation endure suboptimal caregiving conditions in various ways that act as potent stressors early in life. For example, orphanages are often overcrowded with employees in charge of caring for many infants, resulting in an unstable caregiving environment with inconsistent attention to infants' needs and poor potential for nurturing and attachment (30) .
Amygdala-mPFC Functional Connectivity Development. To examine the effects of early adversity on effective connectivity between the amygdala and mPFC, we performed a psychophysiological interaction (PPI) analysis for each participant and analyzed at the group level using a whole-brain ANOVA. The PPI analysis identified neural regions whose activity was more strongly coupled with the amygdala during task performance than during baseline fixation. A significant group × emotional run interaction was observed in bilateral mPFC (t = 11.36, cluster: 487 voxels, P < 0.01, corrected; peak voxel: −3, 27, −1), which included the anterior cingulate [Brodmann area (BA) 32, BA 24, BA 10]. Specifically, during the fear run PI participants exhibited stronger negative amygdala-mPFC coupling than comparison participants (SI Appendix for happy results). Given prior evidence for functionally significant changes in amygdala-mPFC connectivity across healthy development (28, 29) , we tested whether early adversity altered the expected age-related changes.
Comparison and PI participants exhibited different patterns of age-related change in amygdala-mPFC connectivity to the fear run ( Fig. 1 ; group × age interaction: F(13, 94) = 3.53, P = 0.013; age modeled continuously), controlling for amygdala reactivity. Specifically, in the comparison group children showed positive (i.e., immature) amygdala-mPFC connectivity, and comparison adolescents exhibited negative (i.e., mature) amygdala-mPFC connectivity (t(52) = 2.40, P = 0.022). By contrast, in the PI group both children and adolescents exhibited the negative (i.e., mature) pattern of amygdala-mPFC coupling, and there was no difference in connectivity between PI children and PI adolescents (t(39) = −0.78, P = 0.439). There was also no difference in amygdala-mPFC connectivity between PI children and comparison adolescents (t(54) = 1.29, P = 0.203). Post hoc tests showed that none of these effects were the result of differences in connectivity during implicit baseline (P > 0.05). There were no group or age-related differences in mPFC activation, based on the PPI-defined functional cluster in mPFC (P > 0.05).
Amygdala Reactivity. A significant group × emotional run interaction was observed in the right amygdala (t = 18.74, cluster: 636 voxels, P < 0.01, corrected; peak voxel: −1, 2, 2). Specifically, PI participants exhibited heightened amygdala reactivity in response to fear faces relative to the comparison group [ Fig. 2 ; t (93) = −2.50, P = 0.014]. There was no group difference to happy faces [t(93) = 1.36, P = 0.18]. See SI Appendix for results on additional regions.
Associations Between Amygdala-mPFC Connectivity and Anxiety. To examine the behavioral correlates of the mature versus immature patterns of amygdala-mPFC coupling, we assessed developmentally normative separation anxiety using the Revised Children's Anxiety and Depression Scale (RCADS) parent report (31) . A univariate general linear model (GLM) tested for effects of early adversity and connectivity valence (binary coding for positive or negative amygdala-mPFC PPI) on anxiety, controlling for age and amygdala reactivity (Fig. 3) . A main effect of group was observed, such that PI participants had higher anxiety than comparison participants (F(1,90) = 35.7, P < 0.0001). Of primary interest to the present study was a significant group × connectivity valence (positive, negative) interaction [F(1,90) = 4.3, P = 0.04]. Although PI participants exhibited higher anxiety overall, individual differences within the PI group were associated with anxiety; PI youth with negative amygdala-mPFC connectivity had lower anxiety than PI youth with positive connectivity (F(1,40) = 4.18, P = 0.048). The group × connectivity interaction was also significant when connectivity was included as a continuous measure (F(1,90) = 4.33, P = 0.041). Amygdala and mPFC activation were not associated with anxiety (P = 0.90, 0.20, respectively). The relationship between connectivity and anxiety in the PI group was also observed when separation anxiety was measured with the Screen for Child Anxiety Related Emotional Disorders (32).
Cortisol and Amygdala-mPFC Connectivity. Salivary cortisol was collected immediately before and after MRI scanning, between 8:45 AM and 7:00 PM; there were no group differences in the time of day at which the samples were collected (pre-MRI: P = 0.96; post-MRI: P = 0.89). For the pre-MRI measure, the comparison group had a mean cortisol level of 8.19 nmol/L (SD = 8.32), and the PI group had a mean cortisol level of 8.59 nmol/L (SD = 8.32). For the post-MRI measure, the comparison group had a mean cortisol level of 7.34 nmol/L (SD = 5.72), and the PI group had a mean cortisol level of 10.07 nmol/L (SD = 7.01). Post-MRI cortisol was higher in the PI group than the comparison group (t(84) = 1.99, P = 0.049). There was no group difference in pre-MRI cortisol. We used mediational analysis to test the extent to which variance in cortisol explained variance in amygdala-mPFC connectivity. Results revealed that post-MRI cortisol level mediated the relationship between maternal deprivation and amygdala-mPFC connectivity (Fig. 4) . Hierarchical regression was used to test the mediation while Fig. 1 . Mature amygdala-mPFC connectivity following maternal deprivation. (Left) A group × emotional run interaction was observed in the mPFC (P < 0.01, corrected), such that group differences emerged for the fear run. (Right) Unlike comparison children who showed immature (positive) amygdala-mPFC connectivity, PI children exhibited the mature pattern of negative amygdala-mPFC coupling, such that PI children resembled adolescents. *Post hoc analysis of age, independent of the whole-brain analysis. SEM = standard error of the mean.
controlling for the time at which the cortisol sample was collected for each participant.
Step one demonstrated that maternal deprivation significantly related to salivary cortisol (B = 2.784, t = 2.003, P = 0.048, adjusted R 2 = 0.030).
Step two demonstrated that maternal deprivation significantly related to amygdala-mPFC connectivity (B = −0.406, t = −1.993, P = 0.049, adjusted R 2 = 0.031).
Step three demonstrated that salivary cortisol significantly related to amygdala-mPFC connectivity (B = −0.046, t = −2.636, P = 0.01, adjusted R 2 = 0.078).
Step four demonstrated that maternal deprivation was less related to amygdala-mPFC connectivity when controlling for salivary cortisol level (B = −0.275, t = −1.217, P = 0.227, adjusted R 2 = 0.062; Sobel test Z = −1.61, P = 0.05, one tailed). These results show that cortisol statistically mediated the association between maternal deprivation and amygdalamPFC development, such that altered cortisol levels among children with a history of maternal deprivation may contribute to changes in the development of connections between the amygdala and mPFC.
Discussion
The present study examined age-related amygdala-prefrontal functional phenotypes in a cross-sectional sample of children and adolescents who experienced maternal deprivation and a typically developing comparison group. The maternally deprived youth were subsequently adopted into stable families, thus restricting the period of maternal deprivation to early life in this sample. Findings revealed aberrant frontoamygdala development following maternal deprivation, such that PI children and adolescents exhibited amygdala hyperreactivity and an altered trajectory of amygdala-prefrontal connectivity. Specifically, comparison children showed an immature pattern of connectivity (positively coupled amygdala-mPFC activity), whereas children with a history of maternal deprivation displayed the mature pattern of connectivity (negatively coupled amygdala-mPFC activity), such that they resembled the adolescent phenotype. The present study replicates earlier findings of amygdala hyperactivity in a PI sample (12) and provides support for the hypothesis that maternal deprivation instantiates earlier maturation of amygdalamPFC connectivity.
Our interpretation that the observed mature-like negative amygdala-mPFC connectivity in PI children evidences accelerated development is supported by rodent models that have demonstrated causal relationships between maternal absence and acceleration of amygdala-mPFC phenotypes (5, 15, 17) . Research in normative human development has shown that regulatory connections between the amygdala and mPFC manifest as positive coupling in childhood and shift to a mature pattern of negative coupling during adolescence (28) . Here, we hypothesize that the mature pattern of amygdala-mPFC connectivity observed in PI children may result from early amygdala hyperactivity facilitating development of connections with mPFC. Because the youngest participants in the current study were 6 y old and by this age all participants showed an amygdala response to fear faces, we cannot say whether there is earlier emergence of amygdala reactivity following stress. Moreover, the developmentally normative pattern of high amygdala response to the fear condition, present in the youngest participants of both the comparison and PI groups, may mask group differences in amygdala reactivity at young ages. However, group differences in amygdala responsivity were present for the fear but not for the happy condition, and strong amygdala signal to fear has been associated with a more mature response (12, 33) , suggesting that amygdala function, even in young PI children, is atypical. Prior evidence from the animal literature shows that early acceleration of amygdala development is followed by a maintenance of elevated amygdala response (8, 34) ; thus, the amygdala hyperactivation observed in the present sample may indicate accelerated development early in life. However, we cannot definitively conclude that accelerated amygdala function follows maternal deprivation in humans because even the youngest children in the present sample are likely past the developmental window that would allow us to observe that acceleration (i.e., before age 4). The current findings motivate additional research, particularly studies that use longitudinal design and examination of younger participants, to characterize the developmental trajectory of amygdala phenotypes. A hypothesis generated from the current study is that premature amygdala function instantiates a developmental cascade that promotes the emergence of mature connectivity with the mPFC.
When neuronal phenotypes deviate from typical development, there is the possibility that the circuitry functions in an atypical fashion, exhibiting a deviation from typical functional development. Alternatively, although present at a developmentally atypical time, the circuitry could serve the same affect-regulatory function as it does under typical conditions despite earlier emergence. To test these possibilities, we examined individual differences in trait anxiety, which we (28) and others (24) have shown to correlate with this circuitry (with negative connectivity correlating with lower trait anxiety). Consistent with prior research (35) , youth with a history of maternal deprivation exhibited higher anxiety than the comparison group in the A group × emotional run interaction was observed in the right amygdala (P < 0.01, corrected), such that PI participants exhibited elevated amygdala reactivity relative to the comparison group during the fear run. (Right) Beta weights were derived from a right amygdala mask based on the intersection of the functional region of interest (ROI) and a structural ROI. Fig. 3 . Connectivity phenotype and separation anxiety. Maternal deprivation was associated with elevated separation anxiety. However, more mature (negative) amygdala-mPFC coupling within the PI sample was associated with lower anxiety relative to immature (positive) amygdala-mPFC coupling, controlling for age and amygdala reactivity. present study. However, despite higher levels of anxiety at the group level, the current findings suggest that mature amygdalamPFC phenotypes mitigated anxiety within the PI group, as observed in nonstressed samples (24, 28) . That is, PI participants with negative (i.e., mature) amygdala-mPFC connectivity showed lower separation anxiety relative to PI peers with positive connectivity, controlling for age and amygdala reactivity. Thus, it may be that the early emergence of negative connectivity between the amygdala and mPFC serves as a developmental adaptation to heightened amygdala reactivity. Even PI youth with mature amygdala-mPFC connectivity had higher anxiety than the comparison youth, but this behavioral group difference may persist as a result of powerful bottom-up reactivity with which regulatory circuitry has to contend. This interpretation of the data requires further testing, as there may be alternative explanations for the association between connectivity phenotype and anxiety. Although prior work has also observed the relationship between connectivity valence and anxiety in healthy controls (28) , this finding was limited to the PI group in the current study. The present comparison sample was older in age than our previous sample and thus had lower, and less variable, separation anxiety, which may have precluded the ability to detect an association between connectivity and anxiety in the comparison group. It is notable that amygdala connectivity, but not amygdala or mPFC reactivity, was associated with anxiety, suggesting that it may be particularly important to examine frontoamygdala connectivity when studying behavioral phenotypes related to early life stress.
On the one hand, negative (mature) amygdala-mPFC coupling in childhood may be a source of proximal resilience for children with a history of adversity (i.e., lower relative anxiety). However, there may be later costs associated with premature maturation of negative amygdala-mPFC functional connectivity. Previous research has demonstrated that a neotenized brain (one showing slower cortical development) has been associated with optimized behavioral outcomes in adulthood (e.g., higher IQ) (36), perhaps because a prolonged period of immaturity allows for more opportunity to learn from the environment and to increase adult efficiency (37, 38) . Although the positive amygdalamPFC coupling observed early in typical development is not well understood, it may serve an important function that is abbreviated or missed following early life stress, which could have consequences for later circuit optimization. The juvenile period in mice (childhood equivalent) has been found to be a period of mPFC immaturity, and this immaturity was critical for mPFCmediated learning of cues that served anxiolytic function (i.e., safety signals) in adulthood (39) . This finding demonstrates the important function of cortical immaturity in the juvenile period. Maternal presence may help to maintain a neotenized state of the human cortex to extend the period of neuronal plasticity.
Mediation analyses indicated that cortisol contributes to the association between maternal deprivation and the development of amygdala-mPFC connectivity. Prior research suggests that developmental changes in cortisol (40, 41) contribute to brain development through interactions with receptors that regulate genes involved in neuromaturational processes (42, 43) . Some of these maturational changes are specific to amygdala-mPFC circuitry, instantiated either through direct administration of glucocorticoids or via maternal absence (which elevates glucocorticoid levels) (5, 8, 15) . We observed higher levels of cortisol, the primary glucocorticoid in humans, in the PI group, consistent with past findings in similar samples (44) . Thus, although speculative at this point, the current findings are consistent with the hypothesis that maternal deprivation influences amygdala-mPFC development via HPA axis activity, providing a potential mechanistic framework for understanding how early environments influence subsequent affective development. Post-MRI cortisol, but not pre-MRI cortisol, contributed to the relationship between maternal deprivation and amygdala-mPFC connectivity. Cortisol measures collected at home for a subsample of participants were used to inform the extent to which the scanning environment could have been associated with changes in cortisol from baseline (SI Appendix). Given that at-home cortisol estimates did not differ from cortisol levels at the scanner for either group, the results do not support the idea that the scan increased cortisol reactivity. Similarly, prior studies indicate that the MRI experience does not act as a stressor for developmental populations (45) . However, it may be that comparison participants displayed expected decreases in diurnal cortisol, whereas cortisol in PI participants failed to attenuate during the experience in the scanning environment, as has been shown in prior work examining children in low-quality daycare (46) .
The present study had some limitations to be addressed in future research. As with previous studies, the current examination of maternal deprivation should be interpreted within the context of a quasiexperimental design (which is why we needed to use a comparison group as opposed to a true control group). However, prior research including random assignment of care (35) and dose-response associations (10, 11, 47) strongly suggests that effects of maternal deprivation are causal in nature. In addition, some PI participants had current medication use (primarily psychostimulants) and were instructed to take medication as usual due to ethical considerations. Though it is important to note medication use in the present study, we conducted multiple analyses, including analyses that covaried for medication use, tested for differences between medicated and unmedicated participants, and excluded medicated participants, all of which ruled out the possible influences of medication on our findings (SI Appendix). In addition, prior research associating stimulant medications with normalized amygdala-prefrontal function (48) suggests that medication use would have reduced the chance of finding a group difference. The present investigation relied on a crosssectional design, which can be influenced by interindividual variance and factors that limit our ability to characterize developmental trajectories. Whereas our results are consistent with early emergence of amygdala-mPFC phenotypes following early life stress, it is unclear whether these "mature" phenotypes maintain across the life span. Although the present data suggest that connectivity does not change with age in the PI group, we acknowledge the possibility that maternal deprivation incites early emergence of negative coupling that later changes to positive or nonsignificant coupling. Although cross-sectional data cannot define the trajectory of connectivity over time in the PI group, there is some evidence that prematurely developing phenotypes maintain throughout adulthood following early life stress (49) (50) (51) . In addition, it is notable that the negative connectivity observed in PI adolescents is functioning in the same way as in mature adults, with negative connectivity corresponding to lower anxiety (52) , providing further evidence of a mature phenotype in adolescence. Future longitudinal examinations of amygdala reactivity and connectivity will be necessary to better understand the developmental trajectory following early life stress. Lastly, PPI analyses rely on statistical correlations and thus cannot address questions of directionality in regional influences. Continued translational work including animal models (15, 53, 54) will inform the nature of directional influences between amygdala and mPFC to inform distinctions in the development of bottom-up versus topdown connections following early adversity.
The present study demonstrated an adult-like pattern of frontoamygdala connectivity among children and adolescents who experienced early life stress. In contrast to a shift from positive to negative amygdala-mPFC connectivity among comparison participants, PI children exhibited the early emergence of a mature pattern of negative amygdala-mPFC coupling such that they resembled comparison adolescents and adults in previous studies (21, 24, 28) . This finding represents a marked change from typical frontoamygdala development, which holds important functional significance for long-term effects on emotional behavior following early life stress. Moreover, the present findings provide insight into the mechanisms underlying a potential relationship between early adversity and accelerated development of amygdala circuitry. Based on the neurodevelopmental nature and implication of frontoamygdala circuitry in many psychiatric disorders (55, 56) , mapping the typical and atypical development of amygdala-prefrontal connections has critical implications for understanding the temporal nature of risk and resilience factors for psychopathology as well as informing developmental timing related to intervention.
Materials and Methods
Participants. The present study focused on children and adolescents who experienced adverse caregiving (i.e., institutional care) early in life and who were later adopted into stable homes, as well as a comparison group. This population allows for the unique examination of an isolated period of adversity, thus limiting confounds such as subsequent adversities that often accompany naturally occurring stress. Participants consisted of 89 children and adolescents (41 PI participants and 48 comparison, never-institutionalized participants) (SI Appendix for demographic details). Data from 28 of the comparison participants were previously published (28) . The mean age of the entire sample was 11.6 y (SD = 3.1; range = 6.5-17.6). Anxiety was measured among child and adolescent participants using the RCADS parent-report questionnaire (31) . Due to the anticipated decline in separation anxiety with age that has been demonstrated in prior research (57, 58) and our previous finding of a relationship between connectivity valence and separation anxiety, we specifically examined the separation anxiety subscale of the RCADS. Based on prior work in rodents showing that frontoamygdala circuitry matures as the rat pup begins to leave the nest (59), we anticipated that changes in human amygdala-mPFC circuitry may relate to children's affective ability to separate from the caregiver, leading to the examination of separation anxiety. Given evidence for the tight association between the HPA axis and amygdala development (8, 15) and early life stress (44, 60) , we examined salivary cortisol as an index of HPA axis activity (SI Appendix). The protocol was approved by the Institutional Review Board at the University of California, Los Angeles. Participants provided informed consent or assent (parental informed consent for minors).
Procedures: fMRI Task Paradigm. During the scan, participants completed two runs of an emotional faces task. The task consisted of a mixed design with one blocked variable [emotional run: fear (included fear and neutral faces) vs. happy (included happy and neutral faces)] and one event-related variable [stimulus type: emotional face (either fear or happy) vs. neutral face]. Facial expressions were selected as stimuli due to their utility as a probe of frontoamygdala circuitry (61) . During the fear run, participants viewed fear faces interspersed with neutral faces; during the happy run, they viewed happy faces interspersed with neutral faces. The order of the fear run and the happy run was counterbalanced across participants, and the stimuli within each run were randomized and fixed across participants. To ensure that participants were paying attention, they were asked to press a button when they saw a neutral face. Female faces were selected from the Karolinska Directed Emotional Faces database (62) . The probability of a neutral face was 50% on any given trial. Stimuli were jittered (variable intertrial interval ranging from 3,000 to 9,000 ms) and randomized based on a genetic algorithm (63) The individual-level regression coefficients were submitted to randomeffects, group level analyses. An ANOVA in AFNI modeled group (comparison, PI), emotional run (fear run, happy run), and stimulus type [emotional face (either fear or happy), neutral face]. We tested for main effects and interactions between group, emotion, and stimulus type. Correction for multiple comparisons was applied at the cluster level within a priori regions of interest following Monte Carlo simulations conducted in AlphaSim within AFNI. AlphaSim was conducted across the whole brain at 6 mm FWHM, 10,000 simulations, and an individual voxel threshold of 0.01. The minimum number of voxels necessary to achieve P < 0.01 was 57. To extract beta weights for visualization and to test for age-related changes in reactivity, a mask of the right amygdala was created based on overlapping voxels between the functional cluster identified in the ANOVA (from a group × emotional run interaction) and a structural mask of the right amygdala that was anatomically defined using the Talairach-Tournoux atlas implemented in AFNI (63) . An independent samples t test was used to confirm group differences in reactivity for this specific cluster of the amygdala and for visualization purposes to identify the direction of the effect. Analyses were repeated using a mask of the functional cluster that extended beyond the right amygdala (cluster identified in the group × emotional run interaction); results replicated the findings with the combined functional-structural mask. For visualization purposes only, participants were grouped by age (6.5-10.4, 10.5-17.6 y). Age groups were selected based on prior work, demonstrating a shift in frontoamygdala circuitry at age 10 (28) .
A PPI analysis (67) was conducted to examine task-dependent connectivity with the amygdala across the whole brain. That is, the PPI analysis tested the extent to which the amygdala covaried with other brain regions more during one condition than another (SI Appendix for details). Consistent with the analysis of amygdala reactivity, an ANOVA analysis was conducted in AFNI to model group (comparison, PI), emotional run (fear run, happy run), and stimulus type (emotional face, neutral face). Given evidence for a developmental shift in amygdala-mPFC connectivity during typical development, we sought to test for age-related changes in connectivity. To avoid nonindependence in statistical analyses (68), we first identified a group × emotional run interaction in mPFC in AFNI and then extracted beta weights for the identified cluster for the fear run. A univariate GLM was conducted in SPSS to test for effects of group, age (modeled continuously), and a group × age interaction in amygdala-mPFC connectivity.
Anxiety Analyses. Developmentally normative anxiety was measured using the separation anxiety subscale of the RCADS. To test for effects of group and connectivity valence on anxiety, we conducted a univariate GLM in SPSS that modeled group, connectivity valence (i.e., whether a given participant's amygdala-mPFC coupling was positive or negative), and a group × valence interaction, while controlling for age and amygdala reactivity.
